The response of perennial and temporary headwater stream invertebrate communities to hydrological extremes by Stubbington, R et al.
Hydrobiologia 
DOI 10.1007/sl0750-009-9823-
1 PRIMARY RESEARCH PAPER 
2 The response of perennial and temporary headwater stream 
3 invertebrate communities to hydrological extremes 
4 Rachel Stubbington • Adam M . Greenwood • 
5 Paul J. Wood • Patrick D. Armitage • John Gunn • 
6 Anne L. Robertson 
7 Received: 20 August 2008/Revised: 24 April 2009/Accepted: 8 May 2009 
8 © Springer Science+Business Media B.V. 2009 
9 Abstract The headwaters of karst rivers experience 
10 considerable hydrological variability, including 
11 spates and streambed drying. Extreme summer 
12 flooding on the River Lathkill (Derbyshire, UK) 
13 provided the opportunity to examine the invertebrate 
14 community response to unseasonal spate flows, flow. 
15 recession and, at temporary sites, streambed drying. 
16 Invertebrates were sampled at sites with differing 
17 flow permanence regimes during and after the spates. 
18 Following streambed drying at temporary sites, 
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dewatered surface sediments were investigated as a 19 
refugium for aquatic invertebrates. Experimental 20 
rehydration of these dewatered sediments was con- 21 
ducted to promote development of desiccation-toler- 22 
ant life stages. At perennial sites, spate flows reduced 23 
invertebrate abundance and diversity, whilst at tem- 24 
porary sites, flow reactivation facilitated rapid colo- 25 
nisation of the surface channel by a limited number of 26 
invertebrate taxa. Following streambed drying, 38 27 
taxa were recorded from the dewatered and rehy- 28 
drated sediments, with Oligochaeta being the most 29 
abundant taxon and Chironomidae (Diptera) the most 30 
diverse. Experimental rehydration of dewatered sed- 31 
iments revealed the presence of additional taxa, 32 
including Stenophylax sp. (Trichoptera: Limnephili- 33 
dae) and Nemoura sp. (Plecoptera: Nemouridae). The 34 
influence of flow permanence on invertebrate commu- 35 
nity composition was apparent despite the aseasonal 36 
high-magnitude flood events. Flow permanence was 37 
also critical in determining the community response to 38 
the spate flows. Following streambed drying at 39 
temporary sites, the surficial sediments overlying the 40 
karstic bedrock functioned as an effective refugium for 41 
many taxa. The development of aquatic insects 42 
following experimental rehydration indicated that 43 
these taxa survived in dewatered sediments as desic- 44 
cation-resistant eggs. 45 
Keywords How permanence • Spate • 46 
Streambed drying • Disturbance • Refugia • 47 
Sediment rehydration 48 
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51 Introduction 
50 Hydrological variability is a critical factor in struc-
53 turing lotic freshwater habitats and in determining the 
54 composition of instream communities (Lytle & Poff, 
55 2004; Monk et al., 2008). Flow permanence, in 
56 particular, has been demonstrated to have a greater 
57 influence on instream macroinvertebrate assemblages 
58 than many other physiochemical variables, resulting 
59 in significant differences in community composition 
60 between perennial and adjacent temporary sites 
61 (Erman & Erman, 1995; Smith & Wood, 2002). 
62 Temporary streams naturally experience a wide range 
63 of hydrological conditions, including floods and 
64 streambed desiccation, and these conditions can 
65 occur in quick succession (Lytle, 2000). Such 
66 hydrological extremes may act as the principal 
67 influence structuring instream communities including 
68 benthic and hyporheic invertebrates (Meyer et al., 
69 2003; Smith et al., 2003; Datry et al., 2007). 
70 Flooding may cause dramatic reductions in both 
71 invertebrate species richness and community abun-
72 dance, due to the scouring and erosive action of high 
73 flows (Olsen & Townsend, 2005). At the other 
74 extreme of the hydrological continuum, regular 
75 drying of the streambed may strongly influence the 
76 structure of lotic invertebrate communities and lead 
77 to the exclusion of taxa reliant on flowing and/or free 
78 water habitats (Boulton, 2003). In particular, a 
79 temporary flow regime may exclude bivoltine and 
80 multivoltine taxa, species with lifecycles exceeding 
81 one year, and those with a significant aquatic growth 
82 phase coincident with the summer drought period, as 
83 these groups may be unable to complete the aquatic 
84 phase of their lifecycle between drying events 
85 (Wright, 1981; Smith & Wood, 2002). 
86 To date, most research on the ecology and survival 
87 strategies of invertebrates in temporary waters has 
88 been conducted in Mediterranean and semi-arid sys-
89 tems (e.g. Stanley et al., 1994), despite the relatively 
90 common occurrence of temporary lotic ecosystems in 
91 temperate environments, particularly in karst land-
92 scapes (Meyer et al., 2003; Datry et al., 2007). Fauna 
93 inhabiting such temporary waters require adaptations 
94 that promote resistance (the ability to tolerate a 
95 disturbance) and/or resilience (the ability to recover 
96 following a disturbance) (sensu Lake, 2000) to 
97 streambed drying. These adaptations include physio-
98 logical, behavioural, morphological and life history 
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strategies (Humphries & Baldwin, 2003). Physiolog- 99 
ical adaptations to habitat drying include desiccation 100 
tolerant egg, larval or adult stages in either a dormant 101 
or active state (Williams, 2006). Life-history adapta- 102 
tions, common in aquatic insects, involve the syn- 103 
chronisation of terrestrial life stages with regular 104 
streambed drying events (e.g. Salavert et al., 2008), 105 
although such strategies may not promote persistence 106 
during unpredictable hydrological disturbances (Lytle 107 
& Poff, 2004). 108 
Behavioural adaptations centre on the use of phys- 109 
ical habitat refugia that minimise exposure to adverse 110 
hydrological conditions (Lancaster & Hildrew, 1993). I l l 
Refugia during drying events are areas that retain either 112 
free water or maintain relatively high humidity (Boul- 113 
ton, 1989). The hyporheic zone has been demonstrated 114 
to act as a refugium during both spates and streambed 115 
drying (e.g. Dole-Olivier & Marmonier, 1992; Clinton 116 
et al., 1996). However, a well-developed, saturated 117 
hyporheic zone, as is commonly associated with 118 
alluvial sediments, is not present in all the riverine 119 
systems. In karst rivers, for example, the substratum in 120 
the headwaters may be principally composed of 121 
shattered limestone bedrock (i.e. the epikarst: Pipan, 122 
2005) overlain in places by finer sediments. 123 
This article examines the response of aquatic 124 
invertebrates in both perennial and temporary reaches 125 
of the River Lathkill (Derbyshire, UK) to an unusual 126 
sequence of hydrological extremes, including a 127 
severe summer flood, declining flow, and at some 128 
temporary sites, streambed drying. Following drying 129 
at temporary sites, the refugial capacity of the 130 
dewatered sediments overlying the epikarstic bedrock 131 
was investigated. We hypothesise that (i) distinct 132 
invertebrate communities will occur at sites with 133 
differing flow permanence, and that differences in 134 
community composition will be evident despite 135 
varying hydrological conditions; and that (ii) drying 136 
of the streambed at temporary sites will eliminate 137 
some taxa, whilst others will have adaptations 138 
facilitating their survival in the dewatered sediments. 139 
Methods 140 
Study area 141 
The River Lathkill, located within the White Peak area 142 
of the Peak District (Derbyshire, England; 53°11.2'N, 143 
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144 1°44.4'W), is underlain by carboniferous limestone, 
145 which manifests as a karst landscape. The River 
146 Lathkill rises from the centre of the limestone outcrop 
147 and primarily discharges autogenic water (i.e. water 
148 that has only been in contact with carbonate rocks). 
149 The climate of this region is temperate, with a mean 
150 annual rainfall of ~ 1,200 mm, and a mean annual air 
151 temperature of 8.0°C, ranging from a mean of 1.7°C in 
152 January to 14.5°C in July (Wood et al., 2005). 
153 Classification of the flow regimes experienced by 
154 temporary lotic freshwaters has rarely been attempted 
155 from an ecological perspective, reflecting the diffi-
156 culty in defining boundaries between diverse habitat 
157 types (Hughes, 2005). A scheme proposed by W i l -
158 liams (2006) classified habitats into five groups 
159 (ephemeral, episodic, intermittent, seasonal and 
160 near-permanent) based on the length of the dry phase. 
161 However, the broad range of flow regimes encom-
162 passed by each of these groups renders this system 
163 inappropriate for investigations conducted at small 
164 spatial scales where a natural gradient of flow 
165 permanence exists. In the current investigation, W i l -
166 liams' (2006) classification scheme was therefore 
167 modified to reflect the variability in flow permanence. 
168 regimes: the term 'ephemeral' is applied to sites 
169 typically dry for >6 months each year and experienc-
170 ing rapid flow resumptions following sustained high 
171 rainfall inputs, whereas 'intermittent' is used to 
172 describe sites that also dry annually but for 
173 <6 months. The term 'transitional' is used to refer 
to sites that become dry for only a slightly shorter 174 
period than intermittent sites in some years but, 175 
crucially, had not dried prior to the start of this study. 176 
The term 'temporary' is used in this study as a general 177 
term to refer to all sites that are not perennial. 178 
With this classification scheme in use, the Lathkill 179 
is ephemeral from its source downstream for a 180 
distance of ~250 m, this reach typically remaining 181 
dry throughout the summer months (Head cave, no.l , 182 
Fig. 1). The tributary Cales Dale, which has a 183 
common catchment with the Lathkill, experiences 184 
similar flow conditions to the ephemeral main 185 
channel sites. In addition, the valley upstream of 186 
the source (Fig. 1, A) is ephemeral, with water being 187 
present here only sporadically during periods of high 188 
flow. The Lathkill becomes intermittent downstream 189 
of the ephemeral reach, with the duration of the dry 190 
phase gradually decreasing with progression down- 191 
stream. A series of spring inputs (Holme Grove 192 
Risings, Fig. 1) results in the increased flow perma- 193 
nence that characterises the transitional reach, which 194 
did not dry in 2007 prior to the beginning of this 195 
study. Downstream of further spring inputs and Cales 196 
Dale, the river is perennial for the remainder of the 197 
study area. The substrate of the Lathkill headwaters 198 
comprises exposed epikarstic bedrock interspersed 199 
with areas of finer sediments, which are overlain in 200 
places by limestone boulders, cobbles and gravel- 201 
sized clasts and are stabilised by semi-aquatic and 202 
terrestrial vegetation. 203 
Springs 
0 Perennial 
River reaches 
Perennial 
10 \ 
Head cave :C 
© Intermittent Transitional 
o Ephemeral 
2 * 
Holme Grove ® v 
Risings 
< Cales Dale 
Intermittent 
Ephemeral 
250m 
Fig. 1 Map of the headwaters of the River Lathkill showing the sampling locations in the main river channel and in springs with 
differing flow permanence. A - G = main river sampling sites, 1-6 = spring sampling sites 
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204 Hydrological conditions 
205 Under normal conditions, the headwaters of the River 
206 Lathkill remain dry between April and May and then 
207 remain largely dry throughout the summer until flow 
208 resumes in October. There may, however, be unpre-
209 dictable flow resumptions, particularly towards the 
210 start and end of the dry phase, in response to heavy 
211 and prolonged rainfall. In spring 2007, the drying 
212 sequence followed the normal pattern, with the whole 
213 surface water being lost from the ephemeral and 
214 intermittent reaches by the end of April. However, in a 
215 series of events between 13th and 23rd June, precip-
216 itation reached over 100 mm and although there was 
217 little streamflow response in the Lathkill, these inputs 
218 recharged the soil and groundwater stores. Conse-
219 quently, when an extreme event deposited 55 mm of 
220 precipitation in <24 h during 24-25 June, flow 
221 resumed throughout the headwaters, with discharge 
222 at a downstream gauging site showing a dramatic 
223 increase from 250 1/s to 3,600 1/s. Although several 
224 larger spates have been recorded between 1997 and 
225 2007, this was the largest flood event in the Lathkill 
226 catchment between April and September during this, 
227 ten-year period. Further heavy rainfall events resulted 
228 in two smaller spates, with flows peaking on 5th and 
229 16th July. These flood events included flow in the 
230 valley upstream of the source of the river (Fig. 1, A), 
231 and occurred during a period of widespread, extreme 
232 flood events in England and Wales (Marsh, 2008). 
233 Subsequently to these floods, discharge declined, with 
234 the head of the river gradually migrating downstream 
235 over the next 4 weeks. Surface water was again lost 
236 from the ephemeral and intermittent reaches 47 days 
237 after flow had resumed (9th August), and the channel 
238 then remained dry until after the end of the study (3rd 
239 October). Flow at the downstream gauging site 
240 declined to 320 1/s by the 9th August and continued 
241 to decline throughout the study period. 
242 Sampling 
243 Aquatic invertebrates were sampled on seven dates 
244 between 29th June and 3rd October 2007. A total of 
245 13 sites were sampled during the study period. Of 
246 these, six sites are located on the main channel of the 
247 River Lathkill (Fig. 1, A - E and G) whilst one site is 
248 located on the tributary, Cales Dale (Fig. 1, F). These 
249 main channel sites comprised three ephemeral, two 
intermittent, one transitional and one perennial site. In 250 
addition, six springs adjacent to the river and tributary 251 
were sampled (Fig. , 1-6), amongst which three were 252 
ephemeral, two intermittent and one perennial. These 253 
sites represent the range of hydrological conditions 254 
occurring along the gradient of flow permanence 255 
found in the Lathkill headwaters. The number of 256 
samples taken to characterise the macroinvertebrate 257 
community at sites in each of the four flow perma- 258 
nence categories on each sampling date was not equal 259 
due to prohibitively high flows at transitional and 260 
perennial sites during the spates and the drying of 261 
ephemeral and intermittent sites as the study pro- 262 
ceeded (Table 1). 263 
The aquatic invertebrate community was sampled 264 
using two complementary techniques. In order to 265 
characterise community diversity at each main channel 266 
site, the semi-quantitative kick sampling technique 267 
was conducted using a pond (hand) net (900 urn mesh, 268 
230 x 255 mm frame, 275 mm bag depth) attached to 269 
a 1.5 m handle according to Furse et al. (1981). In 270 
addition, in order to fully quantify the community, 271 
Surber samples (0.1 m2 frame with a 250 um mesh 272 
net) were collected by manually disturbing the 273 
substrate within the frame area to a depth of ~ 5 cm 274 
over a 30-s period. Large clasts located within the 275 
Surber frame were inspected individually and attached 276 
invertebrates removed and added to the sample. A l l the 277 
samples were preserved in the field with 10% form- 278 
aldehyde solution prior to processing and identification 279 
in the laboratory. At each sampling location, water 280 
temperature (°C), pH, dissolved oxygen (mg 1_1) and 281 
conductivity (uS cm - 1) were measured in situ using 282 
standard instrumentation (Hanna Instruments). 283 
Subsequent to streambed drying in the ephemeral 284 
and intermittent reaches, dewatered sediment samples 285 
were collected from the three main channel sites 286 
(Fig. 1,B, DandF) and three springs (Fig. 1,1,5 and 6), 287 
on three dates (9th and 20th August, and 7th Septem- 288 
ber), and from one site (Fig. 1, D) on a fourth date (3rd 289 
October). At each site, two samples, each weighing 290 
approximately 1 kg, were extracted from the channel 291 
using a trowel. Clasts greater than 10 mm in size and 292 
terrestrial vegetation were excluded from the samples, 293 
whilst desiccated aquatic vegetation (primarily bryo- 294 
phytes) was retained. A l l the sediment samples were 295 
returned to the laboratory and weighed. One sample 296 
from each pair was preserved in a 10% formaldehyde 297 
solution for later processing and identification of 298 
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Table 1 Total taxon richness, mean abundance (+/— 1 SE) and total abundance of invertebrate taxa with >85 % occurrence at 
perennial, transitional, intermittent and/or ephemeral sites in the headwaters of the River Lathkill 
Number of Surber samples 
Number of kick samples 
Total number of taxa 
Total number of families 
Mean abundance (individuals 0.1 m~2) 
Total abundance" 
Turbellaria 
Dugesia lugubris group 
Polycelis spp. 
Gastropoda 
Ancylus fluviatilis 
Lymnaea peregra 
Lymnaea truncatula 
Zonitoides spp. 
Crustacea 
Gammarus pulex 
Ostracoda 
Ephemeroptera 
Baetis spp. 
Habrophlebia fusca 
Serratella ignita 
Plecoptera 
Diura bicaudata 
Isoperla grammatica 
Leuctra spp. 
Trichoptera 
Drusus annulatus 
Plectrocnemia conspersa 
Coleoptera 
Elmis aenea (larvae) 
Helophorus sp. (larvae) 
Helophorus brevipalpis (adult) 
Hydraena spp. (adult) 
Diptera 
Ceratopogonidae 
Chironomidae 
Simuliidae 
Stratiomyidae 
Hydracarina 
Ephemeral 
(A, B, F, 1, 5, 6a) 
15 
12 
9 
9 
8.8 (+/-2.2) 
8 
2 
Intermittent 
(C, D, 2, 3a) 
9 
10 
15 
15 
25 (+/-6.2) 
6 
6 
34 
Transitional 
14 
5 
29 
25 
548 (+/-
161 
2 
8 
8696 
20 
3 
37 
21 
6533 
4 
3 
(Ea) 
-211.9) 
Perennial (G, 4a) 
8 
2 
32 
29 
431 (+/-132.4) 
113 
98 
10 
3073 
51 
2 
16 
12 
37 
10 
7 
3 
2 
2 
4279 
17 
9 
a
 Letters and numbers refer to site locations detailed in Fig. 1 
b
 The total number of individuals recorded from all the samples 
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299 invertebrates (subsequently referred to as dewatered), 
300 and the other rehydrated with dechlorinated water at 
301 ambient air temperature (subsequently referred to as 
302 rehydrated). 
303 Rehydration experiments were conducted within 
304 aerated 10 1 containers. Each container was sealed 
305 with a perforated lid, the holes being plugged with 
306 cotton wool to prevent the colonisation by external 
307 invertebrates and the escape of emerging aquatic 
308 insects. The containers were checked daily for the 
309 presence of active aquatic invertebrates, including 
310 recently emerged adult insects. A l l the observed 
311 invertebrates (including meiofauna) were removed 
312 and preserved in 10 % formaldehyde solution for later 
313 identification. Rehydration experiments were termi-
314 nated after 28 days and the sediment preserved for 
315 subsequent processing and identification of the 
316 remaining invertebrates. 
317 Sediment samples were processed under a dissect-
318 ing microscope (60.5 magnification) to facilitate 
319 observation of meiofauna. Invertebrates from all the 
320 samples (Surber, kick and sediment) were identified to 
321 the lowest taxonomic resolution possible, usually 
322 species level, except for the Diptera (Ceratopogoni-
323 dae, Dixidae, Empididae, Psychodidae, Tipulidae and 
324 some Chironomidae), Harpacticoida, Ostracoda, 
325 Nematoda, some Cyclopoida, and some Oligochaeta. 
326 Sub-samples of Chironomidae and Cyclopoida from 
327 sediment samples were selected for species level 
328 identification. 
329 Statistical analysis 
330 Quantitative invertebrate community data collected 
331 during the period of surface flow (i.e. all Surber 
332 samples) were analysed with detrended correspon-
333 dence analysis (DCA) using the program C A N O C O 
334 4.5 (ter Braak & Smilauer, 2002). Prior to analysis, data 
335 were log-transformed (In + 1) to reduce the effect of 
336 very abundant taxa at the centre of the ordination, and 
337 rare taxa were downweighted. Subsequent to this 
338 analysis, D C A axis scores were correlated with sample 
339 dates to examine their potential influence on commu-
340 nity structure. The Shannon-Wiener and Simpson's 
341 diversity indices and the Berger-Parker dominance 
342 index were calculated using the program Species 
343 Diversity and Richness 3.03 (Pisces Conservation 
344 Ltd., 2002). These indices, along with the number of 
345 taxa and total invertebrate abundance (individuals 
Springer 
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0.1 m"2), were used as dependent variables in 346 
subsequent analyses. One-way analysis of variance 347 
(ANOVA) with Tukey-Kramer honestly significant 348 
difference (HSD) tests (Tukey, 1949; Kramer, 1956) 349 
were used to examine differences in the invertebrate 350 
community: (i) spatially, along the gradient of flow 351 
permanence; (ii) temporally, from spate through to 352 
baseflow; and (iii) between spring and main channel 353 
sampling sites. Paired f-tests were used to examine 354 
spatial and temporal differences in the measured water 355 
parameters. Preliminary analysis indicated that spring 356 
and main channel sites supported similar communities 357 
and had similar values for all the measured water 358 
parameters, and samples taken from both types of site 359 
were therefore considered together in subsequent 360 
analyses. Statistical analyses were undertaken using 361 
the program SPSS 14.0 (SPSS Inc., Chicago). 362 
Results 363 
Water temperature, pH, dissolved oxygen and con- 364 
ductivity measurements taken whilst surface flow 365 
persisted were similar for all the sites, with no 366 
significant differences in any parameter between 367 
perennial, transitional, intermittent and ephemeral 368 
sites on individual sampling dates. Water temperature 369 
varied between 8.6-11.2°C during the study period, 370 
but did not change significantly between sampling 371 
dates (f-test, P — 0.106). The pH was neutral to 372 
slightly alkaline (7.0-8.1), and did not vary signifi- 373 
cantly between sampling dates (f-test, P — 0.480). 374 
Dissolved oxygen varied between 12.6 mg 1_1 and 375 
3.86 mg 1_1 with a significant reduction in concen- 376 
trations from June (mean 10.2 mg 1_1) to October 377 
(mean 5.4 mg l"1) (f-test, P — 0.006). Conductivity 378 
varied considerably, between 277 uS c m - and 379 
662 uS c m - , declining slightly throughout the study 380 
period until the last date, when values were at their 381 
highest (f-test, P = 0.049). 382 
Spatial variability in community composition 383 
One-way A N O V A of invertebrate community data 384 
indicated that species richness (number of taxa) (P — 385 
0.001; F-ratio = 7.07), total abundance (P = 0.025; 386 
F-iatio — 3.45), the Berger-Parker dominance index 387 
(P = 0.018; F-ratio = 3.74) and the Simpson's 388 
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389 Diversity index (P < 0.001; F-ratio = 8.21) were all 
390 significantly different at sites with differing flow 
391 permanence regimes, whilst Shannon-Wiener's did 
392 not differ significantly (P = 0.286; F-ratio = 1.302). 
393 Species richness was significantly higher at perennial 
394 sites (mean =8.1 taxa 0.1 m - 2 ; total taxa = 32) 
395 than at intermittent sites (mean = 3.4 taxa 0.1 m - 2 ; 
396 total taxa =15; Tukey-Kramer test, P = 0.029) and 
397 ephemeral sites (mean = 2.9 taxa 0.1 m - 2 ; total 
398 taxa = 9; Tukey-Kramer test, P < 0.001), but was 
399 not significantly different to transitional sites 
400 (mean = 5.2 taxa 0.1 m"2 ; total taxa = 29; Tukey-
401 Kramer test, P > 0.05). Invertebrate abundance was 
402 the highest at transitional sites (mean = 548.4 ind. 
403 0.1 m"2), and was also high at perennial sites 
404 (mean = 431.2 ind. 0.1 m - 2) , although abundance 
405 at both site types was highly variable (Table 1). 
406 Abundance was considerably lower at intermittent 
407 sites compared to transitional and perennial sites 
408 (mean = 25 ind. 0.1 m"2) and was much lower at 
409 ephemeral sites than at all the sites with greater flow 
410 permanence (mean = 8.7 ind. 0.1 m~ ), although 
411 these differences were not significant. Berger-Parker 
412 dominance was the highest at perennial (mean = 
413 0.76) and transitional sites (mean = 0.75), and was 
414 lower at intermittent sites (mean = 0.62), although 
415 this was not significant. Berger-Parker dominance 
416 was the lowest at ephemeral sites (mean = 0.58), this 
417 being significantly different to both perennial and 
418 transitional sites (Tukey-Kramer test, P < 0.05) but 
419 not intermittent sites. Simpson's diversity was the 
420 highest at ephemeral sites (mean = 2.96), and was 
421 significantly higher here than at transitional sites 
422 (mean 1.64; Tukey-Kramer test, P < 0.001) and 
423 perennial sites (mean = 1.78; Tukey-Kramer test, 
424 P = 0.002), but not intermittent sites (mean = 2.22; 
425 Tukey-Kramer test, P > 0.05). 
426 Axes 1 and 2 of the detrended correspondence 
427 analysis (DCA) accounted for 18.4% and 12.8% of 
428 the variance in the species data, respectively. The 
429 D C A ordination plot indicated that samples were 
430 separated on axis 1 according to flow permanence 
431 (Fig. 2). Samples from perennial sites plotted as a 
432 broad group with relatively high values on axis 1 and 
433 overlapped with samples from transitional sites. The 
434 transitional samples in turn overlapped with samples 
435 from both intermittent and, to a lesser extent, 
436 ephemeral sites. Samples from intermittent and 
437 ephemeral sites formed a cluster with relatively low 
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Fig. 2 Detrended correspondence analysis (DCA) of samples 
(classified based on flow permanence; different symbols 
indicate different flow regimes) and selected macroinvertebrate 
taxa (dots) collected from the River Lathkill. Taxon abbrevi-
ations: A.gut, Agabus guttatus; A.flu, Ancylus fluviatilis; 
A.aqu, Asellus aquaticus; Baet, Baetis spp.; Cera, Ceratopog-
onidae; Chir, Chironomidae; D.ann, Drusus annulatus; D.bic, 
Diura bicaudata; D.lug, Dugesia lugubris-polychroa group; 
G.pul, Gammarus pulex; H.bre, Helophorus brevipalpis 
(adult); Hel (1), Helophorus spp. (larvae); I.gra, Isoperla 
''grammatica; L.fus, Leuctra fusca; L.tru, Lymnaea truncatula; 
iN.cam, Nemoura cambrica; N.cin, Nemoura cinerea; Olig, 
Oligochaeta; P.con, Plectrocnemia conspersa; S.ign, Serratella 
ignita; Spha, Sphaeriidae; Zoni, Zonitidae 
axis 1 values. The few taxa recorded predominantly 438 
at ephemeral and intermittent sites had low axis 1 439 
scores, including the gastropods Zonitoides spp. and 440 
Lymnaea truncatula, and Helophorus spp. larvae 441 
(Coleoptera: Helophoridae), which was the only 442 
taxon recorded exclusively at ephemeral sites 443 
(Table 1). A l l the taxa associated with intermittent 444 
and ephemeral habitats occurred at very low abun- 445 
dances (<5 individuals 0.1 m - 2) ; most of the com- 446 
munity at these sites therefore comprised ubiquitous 447 
taxa. These included Gammarus pulex (Amphipoda: 448 
Gammaridae), which accounted for 38.3 % of the 449 
community at perennial sites, 50.9 % at transitional 450 
sites, 50.4 % at intermittent sites and 36.9 % at 451 
ephemeral sites; G. pulex, therefore, plotted towards 452 
the centre of the D C A ordination. Other taxa 453 
dominating the intermittent and ephemeral commu- 454 
nities occurred at similar abundances throughout the 455 
study area, for example the mean abundance of the 456 
Oligochaeta was between 2.2 and 4.8 individuals 457 
0.1 m - 2 at sites with all flow permanence regimes; 458 
however, this accounted for only 0.5 % of the 459 
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460 community at perennial sites, increasing to 29.9 % at 
461 ephemeral sites; the Oligochaeta therefore plotted on 
462 the left of the D C A ordination. Similarly, P. person-
463 atum and Asellus aquaticus (Isopoda: Asellidae) 
464 were ubiquitous, but only comprised a significant 
465 proportion of the community at intermittent and 
466 ephemeral sites, where they accounted for 15.2 % and 
467 8.2 % of all the individuals, respectively. Many taxa 
468 were recorded exclusively at sites with greater flow 
469 permanence, and therefore had high axis 1 scores. 
470 These taxa included all Ephemeroptera {Baetis sp. and 
471 Serratella ignita), Plecoptera (Diura bicaudata, Iso-
472 perla grammatica, Leuctra fusca and L . hippopus) 
473 and Trichoptera {Drusus annulatus and Plectrocn-
474 emia conspersa), and the Diptera families, Ceratopog-
475 onidae and Stratiomyidae (Table 1). The most 
476 common taxon at perennial sites was the Chironomidae 
477 (Diptera), accounting for 54.7 % of the community, 
478 and similarly at transitional sites, chironomids com-
479 prised 45.7 % of all the individuals. 
480 Samples were separated on axis 2 of the DCA 
481 ordination based on hydrological conditions, with 
482 samples taken during high flows having high values 
483 on axis 2, and those taken as flow declined beingj 
484 distributed sequentially along the axis (Fig. 2). 
485 However, the correlation between sampling dates 
486 (i.e. hydrological conditions) and the axis 2 sample 
487 scores was only strong for transitional (r — 0.94) and 
488 perennial (r — 0.90) sites, whilst no significant 
489 correlation was recorded for either intermittent or 
490 ephemeral sites (r — 0.01 and r — 0.02, respec-
491 tively). 
492 Temporal variability in community composition 
493 from flood to flow cessation 
494 Five days after the reactivation of flow at the 
495 ephemeral and intermittent sites, four taxa were 
496 recorded: G. pulex, A. aquaticus, Pisidium persona-
497 turn and Oligochaeta, the latter being the most 
498 numerous group with abundance peaking at 11 indi-
499 viduals 0.1 m - 2 at an intermittent site (Fig. l,site D). 
500 Total invertebrate abundance remained relatively low 
501 at the ephemeral and intermittent sites throughout the 
502 study period, reaching a maximum of 39 individuals 
503 0.1 m~ 19 days after flow resumed (Fig. 3a). Small 
504 increases in the number of taxa and the Shannon-
505 Wiener diversity index were observed at ephemeral 
506 and intermittent sites shortly after the resumption 
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Fig. 3 Community composition (mean ± 1 SE) recorded at 
ephemeral and intermittent sites subsequent to flow reactivation 
on the River Lathkill. Shown are a total abundance, b number of 
taxa, and c Shannon-Wiener diversity. Number of samples: day 
6: n = 6; day 12: n = 2; day 19: n = 5; day 34: n = 10 
of flow; however, these as well as changes in 
Simpson's diversity were not significant (P > 0.05; 
Fig. 3b and c). 
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510 Invertebrate abundance and number of taxa were 
511 low at transitional and perennial sites following the 
512 spates (Fig. 4a and b). However, the lowest mean 
513 abundance recorded at a perennial site (57.5 ind. 
514 0.1 m - 2 34 days after flow resumed) still exceeded 
515 the highest abundance recorded at any intermittent or 
516 ephemeral site (32 ind. 0.1 m - 2 at an intermittent 
517 site, 34 days after flow resumed) (Figs. 3a and 4a). At 
518 transitional and perennial sites, community recovery 
519 in terms of both abundance and diversity was 
520 apparent 23 days after flow started to decline, and 
521 both measures continued to rise throughout the 
522 remainder of the study period (Fig. 4a and b); 
523 Shannon-Wiener diversity recovered more rapidly 
524 (Fig. 4c). The highest abundance (>2,000 individuals 
525 0.1 m~2) was recorded at a transitional site on the 
526 final sampling occasion (Fig. 1, site E ; 102 days after 
527 flow resumption). 
528 The persistence of aquatic fauna subsequent 
529 to dewatering of ephemeral and intermittent sites 
530 A total of 3,086 individuals belonging to 41 taxa 
531 (25 families) were recorded from 38 sediment samples * 
532 (combined weight — 38.7 kg) collected from the 
533 dewatered riverbed. The Oligochaeta, including the 
534 families Tubificidae {Limnodrilus hoffmeisteri and 
535 Tubifex tubifex), Lumbricidae, Naididae and Enchyt-
536 raeidae, were the most abundant taxa, accounting for 
537 60.9 % of all the recorded individuals. A cyclopoid 
538 copepod, Diacyclops bicuspidatus, and Pisidium per-
539 sonatum were also abundant, accounting for 15.1 % 
540 and 13.0 % of recorded individuals respectively. The 
541 Chironomidae, particularly the tribe Orthocladiini, 
542 were also relatively common, comprising 7.3 % of all 
543 the individuals, whilst other taxa occurred at densities 
544 of only 1-2 individuals per ~ 1 kg sample. Some taxa, 
545 in particular G. pulex, were only recorded on the first 
546 sampling date following the loss of surface water, and 
547 were observed in areas retaining some moisture, i.e. 
548 under rocks and in dense mats of bryophytes. Other 
549 taxa, including adult Agabus guttatus (Coleoptera: 
550 Dytiscidae) and Helophorus brevipalpis, and larval 
551 chironomids of the genus Metriocnemus, were 
552 recorded alive in dewatered sediments 29 days after 
553 surface water was lost, whilst D. bicuspidatus (both 
554 immature and adult life stages) and Smittia sp. 
555 (Chironomidae) were recorded in sediments extracted 
556 after 55 days. 
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Fig. 4 Community composition (mean ± 1 SE) recorded at 
perennial and transitional sites during and after spates on the 
River Lathkill. Shown are a total abundance, b number of taxa 
and c Shannon-Wiener diversity. Number of samples: day 6: 
n = 6; day 19: n = 2; day 34: n = 3; day 47: n = 5; day 76: 
n = 4; day 102: n = 3 
Several insect taxa were recorded exclusively in sed-
iments that were experimentally rehydrated, includ-
ing Stenophylax sp. (Trichoptera: Limnephilidae), 
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560 Nemoura cambrica (Plecoptera: Nemouridae), and 
561 Ceratopogonidae (Diptera) (Appendix 1—Electronic 
562 supplementary material). In addition, D. bicuspidatus 
563 was >100 times more abundant in rehydrated sedi-
564 ments, with all the life stages being recorded (nauplii, 
565 copepodites and adults including ovigerous females). 
566 Similarly, the Chironomidae were more abundant and 
567 diverse in rehydrated sediments (185 larvae from 13 
568 taxa) compared with dewatered sediments (41 individ-
569 uals from two taxa) (Appendix 1—Electronic supple-
570 mentary material). Rehydration of sediments collected 
571 on 9th and 20th August resulted in the emergence of 
572 adult chironomids after approximately 21 days. These 
573 adults comprised Bryophaenocladius aestivus, and spe-
574 cies of the genera Metriocnemus and Chironomus and 
575 the tribe Tanytarsini. 
576 Discussion 
577 Spatial and temporal variability in community 
578 composition 
579 The importance of flow permanence in determining 
580 community structure has previously been reported for 
581 temporary streams in Mediterranean (Bonada et al., 
582 2006), arid (Chakona et al., 2008) and temperate 
583 regions (Meyer et al., 2003), and in the present study, 
584 the flow permanence gradient in the River Lathkill 
585 headwaters was clearly reflected by invertebrate 
586 community composition despite the occurrence of 
587 an aseasonal, high magnitude flood event. Sites with 
588 lower flow permanence were characterised by reduced 
589 species richness and community abundance compared 
590 to sites with greater flow permanence, a pattern that 
591 has been reported for many other systems, including 
592 both karst and chalk streams in temperate regions (e.g. 
593 Wright et al., 1984; Meyer & Meyer, 2000). The 
594 relatively impoverished communities of temporary 
595 streams reflect the inability of many taxa to maintain 
596 populations at sites subject to regular drying (Lytle, 
597 2000; Suren & Jowett, 2006). The fauna of temporary 
598 karst streams appears particularly depauperate, for 
599 example Meyer & Meyer (2000) recorded a mean 
600 taxon richness of <5 taxa per site at intermittent sites 
601 in a temperate-region karst river in Germany. Simi-
602 larly, in this study, mean taxon richness was <4 taxa at 
603 intermittent and ephemeral sites whilst surface flow 
604 persisted. Several factors are likely to contribute to the 
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relatively species-poor nature of temporary karst 605 
stream communities, including sediment characteris- 606 
tics, the limited macrophyte community, and the 607 
frequent occurrence of extreme hydrological condi- 608 
tions. Most research studies considering other types of 609 
temporary stream communities in temperate regions 610 
have focussed on chalk streams (Ladle & Bass, 1981; 611 
Wright et al., 1984). In contrast to limestone streams, 612 
temporary chalk streams are characterised by rela- 613 
tively diverse invertebrate communities, for example 614 
75-89 taxa were recorded at intermittent sites on a 615 
small 'winterbourne' chalk stream in southern Eng- 616 
land (Wright et al., 1984; Berrie, 1992). However, 617 
despite the marked differences in chalk and karst 618 
stream communities, an inverse relationship between 619 
flow permanence and both invertebrate abundance 620 
and species richness is common to both environments 621 
(Berrie & Wright, 1984; Meyer et al., 2003). 622 
Streambed drying has been shown to have a greater 623 
influence on community composition than flood 624 
events (Boulton et al., 1992), and in this study, flow 625 
permanence also determined community responses to 626 
the flood event. At perennial and transitional sites, it is 627 
highly likely that the low values of community 628 
metrics recorded on the first sampling date resulted 629 
from the scouring action of the spate; considering the 630 
communities known to inhabit these reaches (Wood 631 
et al., 2005), that communities recorded at perennial 632 
sites at the start of the investigation were typical of 633 
flood-impacted sites (e.g. Suren & Jowett, 2006), and 634 
that community recovery was subsequently recorded. 635 
In contrast, the return of flowing water to the 636 
ephemeral and intermittent reaches during the flood 637 
allowed recolonisation of the surface channel and 638 
therefore resulted in small increases in both inverte- 639 
brate abundance and diversity. The combination of the 640 
detrimental impact of the spate at perennial and 641 
transitional sites, and the appearance of recolonists at 642 
temporary sites was, however, insufficient to affect 643 
the positive relationship recorded between flow 644 
permanence and both community abundance and 645 
diversity. 646 
Four taxa were recorded at intermittent and ephem- 647 
eral sites five days after flow resumed: G. pulex, 648 
A. aquaticus, Oligochaeta and Pisidium personatum, 649 
all of which are common temporary water inhabitants 650 
(Byrne & McMahon, 1994; Montalto & Marchese, 651 
2005). The dominance of G. pulex at sites with 652 
contrasting flow permanence has been attributed to 653 
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654 its ability to recolonise from longitudinally connected 
655 perennial surface waters and/or adjacent hypogean 
656 habitats (Lindegaard et al., 1998). In the River Lathkill, 
657 the contiguous cave and conduit system may have 
658 acted as a passive refugium from which G. pulex was 
659 transported into the surface channel by the spate flows 
660 (Gunn et al., 2000). Other taxa, namely the Oligocha-
661 eta and P. personatum, are likely to have persisted 
662 during the spate and the preceding dry phase in the 
663 surficial sediments overlying the epikarstic bedrock 
664 (Pipan, 2005), due to their morphology permitting the 
665 inhabitation of fine sediments and due to their being 
666 physiologically adapted to tolerate desiccation. 
667 Juvenile sphaeriids, for example have physiological 
668 adaptations that minimise water loss, and can persist in 
669 dewatered sediments in a dormant state (Way et al., 
670 1980; Byrne & McMahon, 1994). Similarly, some 
671 Oligochaeta secrete a protective cyst that facilitates 
672 desiccation resistance in dormant individuals (Mont-
673 alto & Marchese, 2005). 
674 Consistent with previous research, the invertebrate 
675 communities of ephemeral and intermittent sites were 
676 dominated by ubiquitous and facultative taxa (i.e. 
677 those not being restricted to temporary waters) whilst 
678 surface water persisted (Fritz & Dodds, 2004). 
679 Wright et al. (1984), for example, observed only 
680 four temporary water specialists out of a total of 233 
681 taxa recorded from an ephemeral chalk stream in 
682 southern England. Similarly, in this study, only three 
683 taxa {Helophorus sp. larvae, Zonitoides sp. and 
684 L . truncatula) were primarily associated with the 
685 intermittent and ephemeral sites whilst surface flow 
686 persisted. These taxa are common temporary water 
687 inhabitants (Rundle et al., 2002) with physiological 
688 adaptations that confer resistance to streambed dry-
689 ing, for example desiccation tolerance (Landin, 1980; 
690 Costil et al., 2001) and reproduction by self-fertilisa-
691 tion (L. truncatula; Trouve et al., 2003). Other 
692 studies have recorded communities including a 
693 greater range of temporary water specialists, such as 
694 species of Trichoptera, Coleoptera, Ephemeroptera 
695 and the Diptera families: Ceratopogonidae and Chi-
696 ronomidae (Williams, 2006). In particular, four 
697 Trichoptera species {Limnephilus centralis, Microp-
698 terna lateralis, M. sequax and S. permistus (Limne-
699 philidae)) have been associated with intermittent 
700 springs on the River Lathkill (Wood et al., 2005). In 
701 this study, the absence of such common temporary 
702 water inhabitants during the period of surface flow 
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largely reflects the life histories of aquatic insects, 703 
since summer sampling would have coincided with 704 
the terrestrial adult stage of many species. Additional 705 
factors in this current study may have included the 706 
removal of temporary water specialists by the scour- 707 
ing spate flows, the disruption of lifecycles by the 708 
unpredictable timing of the spate (Lytle & Poff, 709 
2004). 710 
The persistence of aquatic invertebrates 711 
subsequent to streambed drying 712 
Previous studies considering the refugial capacity of 713 
the hyporheic zone have suggested an existence of 714 
coarse-grained substratum (and hence, large inter- 715 
stices; Gagneur & Chaoui-Boudghane, 1991) and the 716 
retention of free water (Boulton & Stanley, 1995) as 717 
necessary features of an effective refugium. How- 718 
ever, the River Lathkill headwaters do not have 719 
typical hyporheic sediments, the substratum instead 720 
comprising exposed epikarstic bedrock overlain in 721 
places by fine-grained sediments. The rapid recolo- 722 
nisation of the surface channel following flow 723 
reactivation had indicated that these sediments pro- 724 
vided a refugium for a few taxa (e.g. Oligochaeta and 725 
P. personatum), despite lacking both large interstices 726 
and free water. Indeed, the subsequent to investiga- 727 
tion of dewatered sediments subsequent to streambed 728 
drying demonstrated that taxa including A. guttatus, 729 
H. brevipalpis (Coleoptera: Helophoridae), Diacy- 730 
clops bicuspidatus and several Chironomidae (e.g. 731 
Smittia sp. and Metriocnemus sp.) were inhabiting the 732 
surficial sediments >1 month after surface flow 733 
ceased. However, these sediments were not used as 734 
a refugium by all the taxa; G. pulex: for example, was 735 
observed alive under larger substratum clasts on the 736 
first sampling occasion after surface water was lost, 737 
but not during subsequent to surveys. The inability of 738 
G pulex to exploit this potential refugium likely reflects 739 
the fine-grained nature of the sediments, since Gamm- 740 
arus species have been observed to migrate into 741 
the hyporheic zone to depths of 2 m during spate 742 
conditions where interstitial spaces allow (Dole-Olivier 743 
& Marmonier, 1992). 744 
The communities recorded in rehydrated sediments 745 
comprised more taxa at greater abundances compared 746 
with those of dewatered sediments preserved imme- 747 
diately after collection, indicating that physiological 748 
and life history survival strategies had been used in 749 
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750 conjunction with behavioural refugium inhabitation. 
751 Cyclopoid copepods of the family Cyclopidae, for 
752 example, are known to survive unfavourable environ-
753 mental conditions as dormant juveniles (Dahms, 
754 1995), and in this study, the abundance of all the life 
755 stages of Diacyclops bicuspidatus in rehydrated sam-
756 pies indicated the use of this strategy during stream-
757 bed drying. Similarly, the Chironomidae were more 
758 abundant and diverse in rehydrated sediments (13 
759 genera) compared with dewatered sediments (two 
760 genera), suggesting that many taxa had persisted as 
761 dormant eggs (Vinogradova, 2007). Experimental 
762 rehydration therefore allowed chironomid develop-
763 ment to resume, with adult emergence occurring after 
764 ~ 3 weeks, indicating the importance of rapid devel-
765 opment in aquatic larvae as a survival strategy of 
766 temporary water inhabitants (McLachlan, 1983). 
767 Several taxa not recorded at intermittent or ephem-
768 eral sites whilst surface flow persisted were subse-
769 quently observed in sediment samples, including 
770 Nemoura cambrica nymphs, Stenophylax sp. larvae, 
771 and adult Anacaena globulus (Coleoptera: Hydro-
772 philidae) and A. guttatus. These insect taxa may have 
773 been present whilst surface flows persisted but not 
774 sampled due to low abundance; however, they are also 
775 known to have life history adaptations that facilitate 
776 survival during streambed drying. Stenophylax permi-
111 stus, for example is particularly common in temporary 
778 reaches of the River Lathkill (Wood et al., 2005), 
779 emerging from the river prior to streambed drying and 
780 aestivating in the terrestrial environment as adults 
781 until surface water returns (Williams, 1996). Stone-
782 flies of the family Nemouridae are also common 
783 temporary water inhabitants (Williams, 2006) and 
784 certain species are associated with intermittent sec-
785 tions of the River Lathkill, where they reach peak 
786 abundance during early spring, prior to the loss of 
787 surface water (Wood et al., 2005). In addition, several 
788 Dytiscidae beetles, including the genus Agabus, have 
789 been recorded in temporary waters throughout 
790 the local area (Wood et al., 2005), and also occur in 
791 temporary water habitats in other regions (e.g. 
792 Fenoglio et al., 2006). The presence of these tempo-
793 rary water specialists in the dry sediment samples 
794 indicates that their earlier absence subsequent to the 
795 resumption of surface flow was probably due to the 
796 life history and physiological survival strategies of 
797 individual species, and did not reflect any long-term 
798 detrimental impacts of the aseasonal spate. 
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Conclusions 799 
Climate change forecasts for the region studied (i.e. 800 
the East Midlands of England) indicate that in the 801 
coming decades, summers may be characterised by 802 
higher temperatures and reduced rainfall (Shackley 803 
et al., 2001). These changes are likely to increase both 804 
the spatial and temporal extent of streambed drying 805 
events, particularly in hydrologically responsive riv- 806 
ers such as those in karst landscapes. Our research has 807 
demonstrated the persistence of invertebrate taxa in 808 
the fine sediments overlying the bedrock of one such 809 
karst river, and this habitat can therefore act as a 810 
functional equivalent of the hyporheic zone refugium 811 
during streambed drying, despite lacking attributes 812 
considered central to the refugial capacity of the latter 813 
(Gagneur & Chaoui-Boudghane, 1991; Olsen and 814 
Townsend, 2005). However, the species able to exploit 815 
these fine-grained sediments as a refugium appear 816 
limited, and although the persistence of some species 817 
was enhanced by desiccation tolerance, the small 818 
interstitial spaces and lack of free water prevented the 819 
survival of others. This research has thus highlighted 820 
the importance of physiological as well as behavioural 821 
adaptations in promoting invertebrate resistance and 822 
resilience during streambed drying, with many species 823 
using a combination of strategies to facilitate survival. 824 
Future research should examine the abiotic and biotic 825 
factors that control the use of subsurface sediments as 826 
refugia by aquatic invertebrates during both spate and 827 
drying events, as well as the relative importance of 828 
behavioural (i.e. refugium use, both active and pas- 829 
sive), physiological (e.g. desiccation tolerance) and 830 
life-history (e.g. timing of terrestrial life stages) 831 
adaptations in promoting invertebrate persistence dur- 832 
ing extreme hydrological events. Such research will 833 
contribute to the understanding of potential inverte- 834 
brate community responses to future environmental 835 
change. 836 
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